The p53 tumor suppressor gene encodes a phosphoprotein which when overexpressed can induce growth arrest at the G1 and G2/M phases of the cell cycle, promote dierentiation and apoptosis. This paper demonstrates that p53 can associate with trk tyrosine kinase. Expression of a murine temperature-sensitive (ts) p53 mutant in PC12 cells overexpressing trk (a model system to analyse cellular dierentiation and signal transduction induced by NGF) induces morphological changes in the absence of NGF stimulation at 328C but not at 378C. In cells dierentiated by p53, trk, but not EGFr, was hyperphosphorylated on tyrosine. Furthermore trk was not phosphorylated when expressed in Saos-2 cells (human osteosarcoma cells that lack expression of both endogenous trk and p53) at either temperature. However, transfection of ts p53 into these cells induces trk phosphorylation at 328C in the absence of NGF stimulation. Association of trk and p53 can be detected in NIH3T3 and PC12 cells co-expressing trk and the ts p53 mutant, in NIH3T3 and PC12 cells transfected with trk alone, and in untransfected PC12 cells, showing that overexpressed and/or endogenous trk associates with endogenous, low levels of p53. These data suggest a novel function for p53 which involves the stimulation of signal transduction pathways (mediating morphological properties of cells), possibly through association with and hyperphosphorylation of trk.
Introduction p53 was discovered due to its capacity to bind to SV40 large T antigen in transformed cell lines (Lane and Crawford, 1979; Linzer and Levine, 1979) . It is a 393 phosphoamino acid protein, with ®ve blocks of sequences highly conserved throughout evolution (Lane and Benchimol, 1990) . Early studies showed that p53 could act as a dominant oncogene (Lane and Benchimol, 1990) ; however, comparisons at the DNA level of cloned p53 from dierent tumor cell lines showed that these results represented the action of the mutated rather than the wild type gene, and that the product of the wild type gene had a tumor suppresor activity (Finlay et al., 1989; Levine et al., 1991) . It is the most frequently mutated gene in a variety of malignancies as well as in transformed cell lines (Hollstein et al., 1991) ; inactivation of p53 is generally associated with the loss of the wild type allele and the generation of a mutated and transforming one (dominant negative model).
Wild type p53 has an average half-life of 30 min and is present in small amounts in normal tissues, whereas mutated p53 has a prolonged half-life and is found at high levels in transformed cell lines and tumors (Lane and Benchimol, 1990) . Wild type p53 protein possesses features, located at the N-terminus, of a transcription factor (Roycroft et al., 1990) ; it can activate target genes such as p21 (El-Deiry et al., 1993) and GADD45 (Kastan et al., 1992) by binding to speci®c DNA sequences located in their promoters . On the other hand, p53 can also repress transcription from promoters that do not contain p53 binding sequences (Sathanam et al., 1991) . There is evidence suggesting that one possible mechanism is by sequestering transcription factors (Ragimov et al., 1993) . Furthermore p53 can inhibit helicase activity and DNA replication (Braithwaite et al., 1987; Ganon and Lane, 1987) .
Overexpression of wild type p53 induces growth arrest at the G1 and G2/M phases of the cell cycle (Aloni-Grinstein et al., 1995; Michalovitz et al., 1990) , promotes dierentiation and apoptosis (Shaulsky et al., 1991) and may play a key role in the prevention of genetic instability induced by DNA damaging agents (Kastan et al., 1991) .
Analysis of growth arrested and stimulated cells has shown that the localization of p53 varies during the cell cycle. Growth stimulated cells contain p53 in the cytoplasm during G1 and in the nucleus during S phase; on progressing through the S phase, the p53 locates mostly to the cytoplasm (Shaulsky et al., 1990a, b; Zerrahn et al., 1992) . Experiments with a temperature-sensitive (ts) p53 mutant showed that, at the permissive temperature when cells are growth arrested, p53 was preferentially located in the nucleus, whereas in proliferating cells, at the restrictive temperature, p53 was mostly located in the cytoplasm (Ganon and Lane, 1991) . p53 has also been found as a complex with Hsp70 in the nucleus and cytoplasm (Finlay et al., 1988) .
Both mutated and wild type p53 have the capacity to bind to several proteins such as Hsp70, TBP, CDC2, WT1, MDM-2 and RPA proteins (Barak and Oren, 1992; Barak et al., 1993; Dutta et al., 1993; He et al., 1993; Li and Botchan, 1993; Maheswaran et al., 1993; Milner et al., 1990; Momand et al., 1992; Ragimov et al., 1993 ; reviewed by Ko and Prives, 1996) .
The trk proto-oncogene was originally cloned from a colon carcinoma as a rearranged gene (Martin Zanca et al., 1986) . trk encodes a 790 amino acid membranespanning protein tyrosine kinase of 140 kDa and is a member of a receptor tyrosine kinase family that includes the related genes trk b and trk c as well as several isoforms (Barbacid 1993a,b) . trk is the receptor for nerve growth factor (NGF) (Kaplan et al., 1991a; Klein et al., 1991) . NGF is required for the survival and dierentiation of sympathetic and sensory neurons in the peripheral nervous system (Barde, 1989) . It can also promote the dierentiation of the rat pheochromocytoma cell line PC12 which subsequently acquires characteristics of sympathetic neurons (Green and Tischler, 1976) . PC12 cells have been useful as a model system to investigate cellular dierentiation induced by NGF and ®broblast growth factor (FGF) (Green and Tischler, 1976; Halegoua et al., 1991) and proliferation induced by epidermal growth factor (EGF) (Green and Tischler, 1976) .
To initiate dierentiation, NGF binds to gp140 trk and possibly to gp75 NTR (Green and Green, 1986) . Recently it has been shown that high anity binding may require expression of both components (Hantzopoulos et al., 1994; Hempstead et al., 1991; Wolf et al., 1995) . NGF binding to trk induces dimerization or oligomerization of receptor molecules, as well as tyrosine transphosphorylation and activation of intrinsic receptor tyrosine kinase (Kaplan et al., 1991b; Kaplan and Stephens, 1994) . In turn this
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PAb 242 a p53 associates with trk tyrosine kinase X Montano initiates a signaling cascade involving tyrosine phosphorylation of several proteins such as PLCg-1, serine/ threonine kinases such as MAP kinases, PI-3 kinase, SHC and SNT . The binding also has the capacity to stimulate immediate early response genes including c-fos, NGFIA and NGFIB (Halegoua et al., 1991) . After binding to NGF, human trk becomes phosphorylated at tyrosine 490 and 785 (Kaplan et al., 1991b) which can associate with SHC and PLCg-1 respectively. SHC association can be prevented with trk synthetic peptides containing Tyr-490 and by mutation of Tyr-490 in the trk cytoplasmic domain (Basu et al., 1994; Obermeier et al., 1993b Obermeier et al., , 1994 Stephens et al., 1994) . Association has been shown to be mediated by the phosphotyrosine interaction domain of SHC located within amino acids 209 ± 460 Van der Geer et al., 1995) . Similarly, deletion of the last 15 amino acids from a chimera consisting of the epidermal growth factor receptor (EGFr) extracellular binding domain and the trk transmembrane and intracellular sequences (which contain Tyr-785) as well as mutation of Tyr-785 has shown that PLCg-1 binds to this site (Loeb et al., 1992; Obermeier et al., 1993a Obermeier et al., , b, 1994 . Tyr-490 and Tyr-785 have redundant roles as they can initiate similar signaling pathways and neurite outgrowth responses . The p85 subunit of PI-3 kinase and Erk-1 have also been shown to bind to NGF ligand-activated trk; although the sites whereby these proteins bind to trk expressed in PC12 cells have not been unambiguously identi®ed, the consensus is that PC12trk and PC12 cells transfected with the murine ts p53 were grown for 4 days at 328C or 378C in the presence (+) or absence (7) of 100 ng/ml NGF. Phase contrast microscopy, 1006
p53 associates with trk tyrosine kinase X Montano p85 binds to Tyr-751 (Loeb et al., 1992; Solto et al., 1992) . p53 is a multifunctional protein and in order to explore the possibility of it being involved in signal transduction by a receptor tyrosine kinase, the association of p53 and trk in vitro and in vivo was studied and the biological signi®cance of this association investigated in PC12 cells overexpressing trk (Hempstead et al., 1992) and NIH3T3 cells transfected with trk. In many previous studies examining receptor tyrosine kinase-substrate interactions, for example those involving insulin or EGF receptors (Margolis et al., 1989; Valius and Kazlouskas, 1993) , cells overexpressing receptor tyrosine kinases have been used. The PC12 cell line overexpressing trk has also been used to study trk-substrate interactions and NGFmediated signal transduction (Cowley et al., 1994; Hempstead et al., 1992; Yan and Zi, 1995) .
Results

Analysis of PC12 cells expressing trk and ts p53
PC12 cells express low levels of endogenous trk and dierentiate upon incubation with NGF, acquiring characteristics of sympathetic neurons (Green and Tischler, 1976) . To determine if the presence of p53 would induce morphological changes in PC12 cells, stably transfected cells overexpressing 50 000 ± 75 000 high anity human proto-trk receptors (PC12trk) (Hempstead et al., 1992) were transfected with a murine p53 gene rendered temperature-sensitive (ts) by a point mutation (Val-135) (Michalovitz et al., 1990) . This mutant expresses p53 predominantly in the wild type conformation in cells grown at 328C whereas a mutant conformation is expressed in cells grown at 378C. Six PC12trk colonies expressing ts p53 (PC12trk ts p53) and six PC12 colonies expressing ts p53 (PC12 ts p53) were obtained and analysed. Figure 1a shows p53 expression in three representative colonies. It can be seen that PC12 ts p53 and PC12trk ts p53 clones express 15 times more p53 than the parental PC12trk cells. Figure 1b shows that in the absence of NGF, control PC12trk cells grown at either 328C or 378C were round and refractile, characteristic of nondierentiated cells. PC12trk ts p53 cells grown at 378C in the absence of NGF also had characteristics of non-dierentiated cells. However, at 328C in the absence of NGF, morphological changes similar to those induced by NGF were observed. Double transfectants (as well as control cells) exhibited neurites in the presence of NGF when grown at both temperatures and, as expected, were able to proliferate for several passages when grown at 378C in the presence of NGF. PC12 ts p53 cells had characteristics of nondierentiated cells when grown at both temperatures and only exhibited neurites in the presence of NGF. This result suggests that dierentiation is dependent upon reasonable amounts of trk being expressed by the cells. To determine if the morphological dierentiation observed at 328C in PC12trk ts p53 cells in the absence of NGF stimulation had characteristics similar to NGF mediated dierentiation, the induction of a speci®c protein marker for dierentiation, VGF, was examined (Possenti et al., 1989) . Double transfectants grown at 328C were positive for VGF-antigen immunostaining in a pattern similar to that induced by NGF treatment (Possenti et al., 1989) in control PC12trk cells (data not shown). Tyrosine phosphorylation of trk is required for NGF responses . To determine whether expression of p53 in PC12 trk cells stimulates tyrosine phosphorylation, the state of trk phosphorylation was analysed in immunoprecipitates. Extracts were immunoprecipitated with anti-trk antibodies and phosphorylated trk was detected by immunoblotting with anti-phosphotyrosine antibodies ( Figure 2a ). Trk was hyperphosphorylated on tyrosine when cells were grown at 328C in the absence of NGF stimulation. Only low levels of trk tyrosine phosphorylation were detected in either double transfectants grown at 378C or in PC12trk cells grown at either temperature (Hempstead et al., 1992) (Figure 2b ). As a second control and to investigate whether trk was hyperphosphorylated in the absence of p53, Saos-2 cells (a human osteosarcoma cell line that lacks both endogenous trk and p53 expression) (Masuda et al., 1987) transfected with human trk (Saos-2trk) were analysed. When trk was immunoprecipitated with antitrk antibodies from extracts of Saos-2trk cells grown at 328C or 378C in the absence of NGF stimulation and immunoblotted with anti-phosphotyrosine antibodies, trk was not phosphorylated/hyperphosphorylated at either temperature ( Figure 2c ). However phosphorylation was detected in Saos-2 ts p53 cells transiently expressing trk or in Saos-2trk cells transiently expresssing ts p53 when grown at 328C and not at
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PC12trk + ts p53-2 PC12trk + ts p53-b PC12trk PC12trk + ts p53-2 PC12trk + ts p53-b PC12trk PC12trk + ts p53-2 PC12trk + ts p53-b PC12trk PC12trk + ts p53-2 PC12trk + ts p53-b (Figure 2d ). trk phosphorylation was detected when PC12trk ts p53, PC12trk, Saos-2trk and Saos-2 ts p53 cells transiently expressing trk or Saos-2trk cells transiently expressing ts p53 were grown at 328C or 378C and stimulated with NGF. Thus, these experiments strongly suggest that presence of p53 in the wild type conformation stimulates trk phosphorylation/hyperphosphorylation and elevated levels of trk and p53 induce differentiation of PC12 cells. Reprobing the blot with anti-trk antibodies showed that similar amounts of trk were present in all cell lines.
When cDNA was synthesized from RNA extracted from PC12trk ts p53 cells grown at 328C or 378C in the absence of NGF stimulation and subjected to PCR for NGF ampli®cation, a speci®c band corresponding to NGF was not detected (data not shown). Importantly, sequence analyses of the rat and mouse NGF promoters do not show the presence of the p53 DNA consensus binding site , even if one or two mismatches are allowed in the search. Also, there are data showing that NGF is not secreted from PC12 cells (Hantzopoulos et al., 1994; Kaplan et al., 1991a) . Hence these data strongly suggest that dierentiation and trk hyperphosphorylation in the presence of p53 is not the result of an autocrine response due to NGF expression/secretion.
To determine if hyperphosphorylation is trk speci®c, phosphorylation of the epidermal growth factor receptor (EGFr) was examined. Extracts of cells grown at 328C or 378C in the presence or absence of EGF were immunoprecipitated with antiEGFr antibodies and phosphorylation was detected by immunoblotting with anti-phosphotyrosine antibodies (Figure 2e ). Although low levels of EGFr phosphorylation were detected, hyperphosphorylation was only seen after EGF stimulation at either temperature suggesting that hyperphosphorylation in the presence of p53 is trk speci®c. Reprobing the blot with antiEGFr antibodies showed similar amounts of EGFr present in all cell lines (Figure 2f ). Low levels of constitutive receptor phosphorylation have been detected in PC12 cells, the insulin receptor has been Association of trk and p53 in vitro. Anity puri®ed human proto-trk and EGFr (0.1 mg in 250 ml of lysis buer) were immunoprecipitated with anti-trk 203 and anti-EGFr ab-1 antibodies respectively. Complexes were recovered using protein G sepharose, washed and run on 7.5% SDS polyacrylamide gels, or complexes were incubated further with either anity puri®ed wild type human p53 (0.1 mg in 250 ml of lysis buer) or lysis buer washed and run on 7.5% SDS polyacrylamide gels. Protein G sepharose alone was also incubated with puri®ed wild type human p53 (0.1 mg in 250 ml of lysis buer), washed and run on 7.5% SDS polyacrylamide gels. Proteins were transferred to nitrocellulose and blots were probed for the presence of p53 with sheep anti-p53 antibodies. Blots were stripped and then reprobed for the presence of trk with anti-trk 203 antibodies, stripped and reprobed with sheep anti-EGFr antibodies, striped again and reprobed with monoclonal antibody 4G10 for the presence of tyrosine phosphorylation. This is a representative of several experiments (anti-trk and ab-1 antibodies have similar immunoprecipitation eciencies shown to be phosphorylated in the absence of ligand stimulation . To determine whether the elevated levels of trk tyrosine phosphorylation in PC12trk ts p53 cells were responsible for the dierentiated phenotype, the cells were treated with 100 nM K252a, a speci®c inhibitor of trk tyrosine kinase activity in PC12 cells (Berg et al., 1992; Knusel et al., 1992; Nye et al., 1992; Tapley et al., 1992) . K252a treatment inhibited the neuronal dierentiation of PC12trk ts p53 cells (data not shown), suggesting that the mechanism of neurite induction by p53 involves the activation of trk tyrosine kinase activity.
Comparative analysis of phosphorylated substrates in extracts of PC12trk ts p53 cells grown at 328C, and in NGF and EGF stimulated PC12trk cells, showed that p53 induces tyrosine phosphorylation of proteins involved in the trk signal transduction pathway induced by NGF, as well as of several unidenti®ed proteins (Figure 2g ). PC12trk cells show phosphorylation of PLCg-1 (150 kDa), trk (140 kDa), SHC (52 kDa) and Erk proteins (44,42 kDa) following NGF treatment (Hempstead et al., 1992) . Upon EGF stimulation, the same cells show additional phosphorylation of EGFr (190 kDa) and c-cbl (120 kDa) (Galisteo et al., 1995) . In the experiment shown here, PC12-trk ts p53 cells grown at 328C show weak bands at molecular sizes consistent with trk, PLCg-1 and Erk proteins and weaker bands consistent with sizes for EGFr and c-cbl (presumably due to very weak activation of the EGFr). Hence p53 may be activating trk in a manner weaker than NGF but sucient to induce neurite outgrowth.
Association of trk and p53 in vitro
To determine a possible mechanism by which p53 and trk can induce dierentiative responses, the possible association of both proteins was analysed. In vitro association experiments were carried out by immunoprecipitating anity puri®ed trk (expressed by recombinant baculovirus) with rabbit anti-trk antibodies (insect cells do not express endogenous trk or p53). The immunoprecipitates were then incubated with anity puri®ed human wild type p53 (Bargonetti et al., 1991; Coer and Knowles, 1994) , washed extensively (at high stringency), and the presence of p53 determined with sheep anti-p53 antibodies. Signi®cant association between these proteins was detected (Figure 3) . The binding of p53 to anity puri®ed EGFr and to protein G sepharose was measured as controls; 20 ± 25 times more p53 bound to trk than to EGFr. A similar result was obtained when anti-p53 monoclonal antibodies (either PAb 248 or PAb 421), which do not recognize trk or EGFr, were used to immunoprecipitate p53 followed by incubation with similar amounts of trk or EGFr (data not shown). These experiments show that p53 is more selective for trk than for EGFr, that both proteins can bind in vitro probably by direct interaction and that association is not due to nonspeci®c recognition by the immobilized antibody or that antibodies of dierent subclass or species immunoprecipitate trk or EGFr with dierent affinities. Immunoprecipitations, using the same procedures, were also carried out with whole cell extracts of SF9 cells infected with baculovirus expressing prototrk, EGFr or human wild type p53 and a similar result was obtained (data not shown).
To assess the eect of trk phosphorylation on the association with p53, baculovirus-expressed trk was immunoprecipitated with anti-trk antibodies, washed and dephosphorylated with increasing concentrations of protein phosphatase-1B. The immunoprecipitates were then incubated with baculovirus expressed wild type human p53 (Bargonetti et al., 1991) . The levels of p53 bound to trk decreased as trk dephosphorylation increased (Figure 4) . Hence the association of trk and p53 in vitro is dependent on trk being phosphorylated.
Association of trk and p53 in vivo
Monoclonal antibodies that recognize murine p53 at amino acids 14 ± 25 (PAb 242) (Yewdell et al., 1986) , amino acids 40 ± 52 (PAb 248) (Lane et al., 1996; Yewdell et al., 1986) and amino acids 370 ± 378 (PAb 421) (Harlow et al., 1981) were used to immunoprecipitate extracts of NGF stimulated NIH3T3 cells cotransfected with trk and the ts p53 mutant (NIHtrk ts p53). Immunoblotting analysis with anti-trk antibodies showed that PAb 248 was the most ecient in detecting the associated proteins (data not shown). For further analysis, extracts of NGF stimulated NIHtrk ts p53 cells incubated at 328C or 378C were immunoprecipitated with PAb 248 and analysed by immunoblotting. Incubation with anti-trk antibodies showed that when comparing total trk and bound trk, 45 ± 55% of the trk present in cell extracts associates with p53 (both anti-trk and PAb 248 have similar immunoprecipitation eciencies). Additionally, trk and p53 association was detected in extracts of cells incubated at both temperatures, suggesting that p53 in the wild type and mutant con®guration can bind to trk ( Figure  5a ). However, with a temperature sensitive mutant, the possibility of leaky expression at either temperature cannot be entirely excluded. It is also possible that endogenous wild type p53 bound to trk. Figure 5a shows that trk not only is detected in p53 immunoprecipitates of double transfectants but also in NIH3T3 cells transfected with trk alone (NIHtrk, a cell line that expresses ten times more trk than NIHtrk ts p53 cells), indicating that endogenous wild type p53 can also bind to trk. The presence of p53 was observed after stripping and reprobing the blot with sheep antip53 antibodies (observed at longer exposures). This result indicates that endogenous wild type p53 can contribute to the association of ts p53 with trk in cells grown at either temperature and, most importantly, that endogenously expressed p53 can bind to trk in vivo.
Two unidenti®ed proteins of estimated molecular weight 170 kDa and 110 kDa were observed in the immunoprecipitates. To show that PAb 248 does not recognize trk, and that it can recognize 170 kDa and 110 kDa proteins independent of the presence of trk or p53, cell extracts of ®broblasts from p53 null mice, Saos-2 and Saos-2trk cells were immunoprecipitated with PAb 248 followed by immunoblotting with antitrk antibodies. PAb 248 recognized the 170 kDa and 110 kDa entities; but did not immunoprecipitate trk (Figure 5b ). p53 associates with trk tyrosine kinase X Montano A similar analysis was carried out in PC12, PC12trk and PC12trk ts p53 cells (Figure 5c ). Immunoprecipitation of extracts of cells grown at 328C or 378C with PAb 248 followed by immunoblotting with anti-trk antibodies showed the presence of trk and as for NIH trk ts p53, 45 ± 55% of trk present in cell extracts associates with p53; trk was not detected in immunoprecipitates of nnr5 cells (a mutant PC12 cell line that lacks trk expression) (Green and Green, 1986) . Reprobing the blot with sheep anti-p53 antibodies showed p53 in PC12, PC12trk, the double transfectants, the NIH ts p53 control cell line and nnr5 cells (at longer exposures, data not shown). As in the case of Saos-2trk cells (Figure 5b ), PAb 248 also detected a band of 170 kDa in NIH ts p53 and nnr5 cells. These data show that trk and ts p53 can also associate in PC12 cells overexpressing trk and p53, in PC12 cells overexpressing trk alone and in untransfected PC12 cells.
Analysis of p53/trk complex formation was also carried out using a monoclonal antibody that recognizes the last C-terminal 14 amino acids from trk. p53 was observed in anti-trk immunoprecipitates of NGF stimulated NIHtrk ts p53 cells grown at 328C or 378C. Anti-trk antibodies do not recognize p53 in extracts of NIH3T3 ts p53 cells (Figure 5d ). However, as expected, wild type endogenous p53 was detected in anti-trk immunoprecipitates of NIHtrk, PC12trk and PC12trk ts p53 cells when analysed by immunoblotting with sheep anti-p53 antibodies (observed at longer exposures) (Figure 5e ). Similar results were obtained with the anti-trk 203 antibody. These ®ndings show that trk/p53 association can be detected with anti-p53 as well as with anti-trk antibodies.
Discussion
The results from this study suggest that p53 could be involved in trk receptor tyrosine kinase signal transduction pathways. PC12trk cells expressing ts p53 become dierentiated when grown at 328C (when p53 is predominantly in the wild type con®guration) but not at 378C in the absence of NGF stimulation. Analysis of trk from these cells shows that trk becomes hyperphosphorylated when cells are grown at 328C and in the absence of NGF stimulation. Also, p53 associates with trk tyrosine kinase X Montano the absence of a PCR ampli®ed NGF product (cDNA synthesized from RNA of cells grown at 328C), and the lack of p53 DNA binding sites in the NGF promoter, strongly indicate that trk hyperphosphorylation and dierentiation of PC12trk ts p53 cells at 328C are not the result of autocrine stimulation by NGF. However in these experiments a transcriptionally active p53 has been used; hence the possibility that dierentiation is due to changes in transcription cannot be excluded. Hyperphosphorylation appears to be speci®c; although low levels of EGFr phosphorylation were observed in the absence of EGF stimulation, hyperphosphorylation occurred only in the presence of EGF at either temperature. Similar results have been observed in PC12 cells; for example, the insulin receptor shows low levels of phosphorylation in the absence of ligand stimulation (Dikic et al., 1994) . trk phosphorylation was also detected in Saos-2 cells (these cells lack endogenous trk or p53) contransfected with trk and ts p53 when grown at 328C and in the absence of NGF. Most importantly, phosphorylation was not detected in Saos-2 cells expressing trk alone. These results strongly suggest that p53 mediates trk phosphorylation/hyperphosphorylation and that this biological response can be detected in dierent cell types. When the tyrosine phosphorylated substrates from PC12trk ts p53 cells grown at 328C in the absence of NGF stimulation were compared with NGF and EGF stimulated PC12trk and PC12trk ts p53 cells grown at 378C, similar but not identical proteins became phosphorylated, suggesting that although p53 and NGF can activate similar proteins, p53 may also activate an alternative signal transduction pathway. However, further analysis of these proteins is needed for full identi®cation.
A possible mechanism by which trk and p53 can induce a biological response is physical association; hence binding of these proteins in vivo and in vitro was analysed. It was shown that anity puri®ed trk and p53 could associate in vitro presumably through direct binding. As controls, association of p53 to anity puri®ed EGFr as well as to protein G sepharose was assayed; 20 ± 25 times more p53 bound to trk than to EGFr, strongly suggesting that p53 is more selective for trk than for EGFr.
In vivo trk/p53 association was detected in NIH3T3 and PC12 cells cotransfected with trk and ts p53 when cells were grown at 328C and 378C and in the presence of NGF. As with all temperature sensitive mutants, leakiness may occur; hence there is a possibility that a low level of wild type p53 is present at the nonpermissive temperature. Although this mutant has been shown to induce cell cycle arrest at 328C, it is not strictly a wild type protein when tested in dierent cell lines; instead it has biological properties of wild type as well as mutant p53 (Seghal and Margolis, 1993) . A mixed phenotype has recently been shown to be very common among p53 mutants (Rowan et al., 1996) .
Association was detected in NIH3T3 and PC12 cells transfected with trk alone indicating that even low levels of endogenous p53 can bind to trk and might contribute to the association in the case of the cotransfectants. This is substantiated in untransfected PC12 cells in which association occurs with low levels of endogenous trk and p53. Nonetheless, the possible activation by p53 of substrates downstream of the signal transduction pathway cannot be ruled out.
Preliminary mapping of the p53 binding site shows that amino acids 1 ± 43 are involved in trk/p53 association (J Rowe, N Marston and X Montano, unpublished results), whereas the consensus is that it is the p53 C-terminus that has`sticky' properties (Prives 1994) . Hence this results suggests that stickiness' can be ruled out as the major source of trk/p53 interaction.
There is evidence that wild type p53 can move between nuclear and cytoplasmic compartments during the cell cycle. Newly synthesized protein accumulates in the cytoplasm during G1 phase. In S phase it is located mostly in the nucleus and, following the initial step of DNA synthesis, p53 is again found in the cytoplasm (Sathanam et al., 1991; Wolf et al., 1995) . Recently it has been shown that in PC12 cells transfected with the val 135 ts p53 mutant, it localizes in the cytoplasm, suggesting an epigenetic eect of p53 (Knippschild et al., 1996) . Therefore binding of trk and p53 is possible when present in the cytoplasm.
The detection of phosphorylated trk in the absence of NGF stimulation and in the presence of p53 suggests that p53 might be acting as an endogenous ligand for trk. p53-mediated induction of trk phosphorylation/hyperphosphorylation may represent a physiological role for p53 in the ligand-independent activation of trk. Alternatively, p53 may mimic an as yet unidenti®ed trk intracellular ligand that in turn enhances receptor oligomerization and transphosphorylation. It is possible that p53, by increasing trk oligomerization, inhibiting phosphatase activity or the access of trk to a phosphatase, increases the phosphorylation and/or activation of trk-speci®c substrates involved in signal transduction or dierentiation. The modulation of receptor oligomerization and phosphorylation state could result in dierentiative responses in the absence of NGF.
It is also important to de®ne if an alternative pathway has been activated that might involve conformational changes or novel phosphorylations of p53-associated-trk. The current experiments suggest a new role for p53 as a component in the signal transduction machinery of receptor tyrosine kinases.
Materials and methods
Cell culture and transfection
PC12 and PC12trk cells were maintained in Dulbecco's modi®ed Eagle's medium supplemented with 10% heatinactivated horse serum and 5% heat-inactivated fetal calf serum. Saos-2 cells were maintained in Dulbecco's modi®ed Eagle's medium supplmented with 10% heat-inactivated fetal calf serum and NIH3T3 cells were maintained in Dulbecco's modi®ed Eagle's medium supplemented with 10% heat-inactivated calf serum (Colorado Serum Co.). Cells were cotransfected with pMextrk, a plasmid coding for human proto-trk or pLTRcG9, a plasmid coding for murine ts p53 (ts p53 Val-135) and pHygro, using Lipofectin (BRL). 1610 5 cells were plated in 10 cm plates and incubated overnight with media as described above. The cells were washed 3 times with serum free medium and DNA : Lipofectin mix (15 mg : 15 ml) was added to cells in 3 ml of serum free medium and left to incubate for 4 h at 378C, washed and incubated for another 48 h in medium supplemented with serum. Then colonies were selected in Hygromycin B containing medium (50 mg/ml) at 378C and resistant colonies were screened for p53 or trk expression. Cell lines were maintained in 5 mg/ml Hygromycin B and pasaged at 70 ± 80% con¯uency.
For transient transfections 1610 7 Saos-2 ts p53 cells were mixed with 20 mg of pMextrk and subjected to electroporation. Cells were grown at 328C or 378C for 48 h. SF9 cells were grown in Grace's medium supplemented with 10% fetal calf serum. 1610 7 cells were infected with the desired virus at a multiplicity of 10 and cells were lysed 48 h postinfection.
Immunoprecipitation and Western blotting
Cells were treated for 5 min at 378C or 328C with 100 ng/ ml NGF (unless otherwise stated), rinsed three times with 137 mM NaCl and 20 mM Tris-HCl pH 8 (tris buered saline (TBS)) and lysed in 200 ml of ice cold 20 mM TrisHCl pH 8, 137 mM NaCl, 10% glycerol, 1 mM phenylmethylsulfonyl¯uoride, 0.15 U/ml Aprotinin, 20 mM Leupeptin, 1 mM Na 3 VO 4 and 1% NP-40 (lysis buer). Protein concentration was determined using the Biorad protein assay. After immunoprecipitation with anti-trk or anti-p53 antibodies for 2 ± 3 h at 48C, precipitates were collected with 20 ml of protein G sepharose for 1 h at 48C, and washed three times with ice cold lysis buer. The pellets were boiled for 2 min in sample buer containing 10% glycerol, 2% sodium dodecyl sulfate (SDS), 0.1 mM dithiothreitol and 0.001% bromophenol blue. Samples were run on 7.5% SDS-polyacrylamide gel. The resolved proteins were transferred onto nitrocellulose. The blot was blocked for 1 h in TBS containing 2% bovine serum albumin (BSA), incubated with anti-phosphotyrosine monoclonal antibody 4G10 (Upstate Biotechnology Incorporated), sheep-anti p53, CM-1 (rabbit anti-p53) or anti-trk rabbit polyclonal antibodies at 48C overnight, and washed three times with TBS containing 0.02% Tween 20 (TBST) for 5 min at room temperature. Bound antibody was detected by incubating with peroxidase conjugated rabbit anti-mouse, anti-rabbit or anti-sheep antibodies (diluted 1 : 20000 in TBST) for 1 h at room temperature, p53 associates with trk tyrosine kinase X Montano washed three times with TBST and visualized by chemiluminescence (ECL Amersham). Blots were stripped of antibody by incubating with 2% SDS, 100 mM 2-mercaptoethanol, 62.5 mM Tris-HCl pH 6.8 for 1 h at 708C, rinsed three times for 15 min with TBS and then probed with antibodies.
Anity puri®cation of trk and EGFr
SF9 cells were infected with baculoviruses encoding human proto-trk or human EGFr for 48 h and then lysed in ice cold 50 mM HEPES pH 7.5, 100 mM NaCl, 1 mM EGTA, 10 mM Benzamidine, 1% Triton X-100, 1 mM dithiothreitol, 1 mM para-nitrophenylphosphate, 20 mM NaF, 1 mM Na 3 VO 4 , 10 mg/ml Trypsin Inhibitor, 1 mg/ml Aprotinin, 10 mg/ml Leupeptin and 10 mg/ml Pepstatin. Extracts were incubated with anti-EGFr monoclonal ab-1 or anti-trk 203 antibodies (covalently coupled to protein A Sepharose) (Harlow and Lane, 1988) for 2 h at 48C; the beads were washed twice with phosphate buered saline (PBS) containing 400 mM NaCl, 0.1% Triton X-100 and twice with PBS containing 0.1% Triton X-100. trk or EGFr was eluted with 6 ml of ice cold 50 mM Na citrate pH 3, 150 mM NaCl and 0.1% Triton X-100 and neutralized with 1 M Tris-HCl pH 8. Pure trk or EGFr (0.1 mg) was immunoprecipitated with anti-trk 203 antibodies or anti-EGFR monoclonal ab-1; the immunoprecipitates were collected with protein G sepharose, washed and incubated with 0.1 mg pure wild type human p53. The complexes were washed three times with lysis buer containing 0.2% SDS and proteins were boiled in sample buer, separated in 7.5% SDS ± PAGE and analysed by immunoblotting with sheep anti-p53 antibodies. Blots were stripped and probed for the presence of trk with rabbit anti-trk 203 antibodies, stripped again and probed for the presence of EGFr using sheep anti-EGFr antibodies (Upstate Biotechnology Incorporated). Finally they were stripped and probed for the presence of phosphorylation with anti-phosphotyrosine antibodies (4G10).
trk phosphatase assay SF9 cells were infected with either human proto-trk or wild type p53 encoding baculoviruses. Extracts of trk infected cells (0.2 mg/200 ml) were immunoprecipitated with rabbit anti-trk and the complexes recovered with protein G sepharose, washed three times in ice cold lysis buer, once in cold distilled water, and once in ice cold 25 mM imidazole pH 7.2, 1 mM EDTA and 0.1% beta-mercaptoethanol (phosphatase buer). The pellet was resuspended in 25 ml of phosphatase buer, and 10, 15 and 20 units of protein phosphatase-1B (Upstate Biotechnology Incorporated) was added and incubated for 1 h at 308C. Pellets were washed three times with ice cold lysis buer and incubated with extracts of cells infected with baculovirus encoding human wild type p53 (0.2 mg/200 ml). Complexes were washed three times with ice cold lysis buer, boiled in sample buer and proteins resolved on a 7.5% SDS polyacrylamide gel. Proteins were transferred to nitrocellulose and probed for the presence of phosphorylated trk with anti-phosphotyrosine antibodies (4G10). Blots were stripped and reprobed for the presence of trk with rabbit anti-trk antibodies. The blots were stripped again and reprobed for the presence of p53 with sheep anti-p53 antibodies.
